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We describe a novel technology for detecting nucleic acids: Probe Alteration Link Self-Assembly Re-
actions (PALSAR). PALSAR comprises DNA self-assembly of pairs of short DNA probes formed by alternate
hybridization of three complementary regions in a pair of honeycomb probes (HCPs). Self-assembly
occurs at designated salt concentrations and reaction temperatures and requires no enzymes. We pre-
pared pairs of HCPs to detect mRNAs encoded by the GAPDH gene b-actin (BA) gene, CD3D gene, CD4
gene, major vault protein (MV) gene and the signalling lymphocytic activation molecule-associated
protein (SAP) gene, and succeeded in quantitatively detecting these mRNAs. PALSAR could detect
mRNA directly without synthesizing cDNA. Moreover, multiple mRNAs could be detected simultaneously
in a single reaction tube and there was a good correlation between the results obtained PALSAR and
those by real-time PCR.
© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
DNA self-assembly reactions [1e9] can be designed at the
nanometre scale and are promoted by the selective molecular
recognition between complementary structural factors in the pro-
gram designed by base sequence. DNA self-assembly reactions are
used in molecular switches [10], problem solving by computers
[11], assemblies for nanoelectronic devices [12] and nanowires [13],
and DNA detection [14e16].
We describe a novel technology for nucleic acid detection,
PALSAR that is based on self-assembly of a pair of short DNA probes
and can be applied for simple mRNA quantitation. PALSAR com-
prises DNA self-assembly by alternate hybridization of three com-
plementary regions in a pair of HCPs, which occurs in the
designated salt concentrations and reaction temperatures withoutakei).
a, Ami, Inashiki, Ibaraki, 300-
was dissolved on 31st. March
Inc. This is an open access article uusing DNA synthase and ligase. Self-assemblies formed by PALSAR
exhibited intensity distributions indicating monodisperse molec-
ular size by dynamic light scattering analysis and three-
dimensional structures that were nearly sphere-like under trans-
mission electron microscopy (TEM). Messenger RNAs (mRNAs) for
GAPDH, BA, CD3D, CD4, MV and SAP genes [17,18] (GenBank acces-
sion No. HV449589) were captured by MicroPlex Microsphere
(Luminex Co., TX) through speciﬁc hybridization and ampliﬁed by
PALSAR, thereby resulting in quantitative mRNA detection with
high reproducibility. Here we show that the quantitation of mRNAs
in peripheral blood lymphocytes could be performed by PALSAR
without reverse transcription.2. Material and methods
2.1. Self-assembly reactions by PALSAR
Self-assembly was formed by PALSAR with a pair of HCPs that
demonstrated three complementary regions. As illustrated in
Fig. 1Aa, HCPs (HCP-1, HCP-2) were designed separately in three
regions. The sequences shown by the same colours werender the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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intercrossed counter-directionally. If one region of a pair of HCPs
hybridizes, the remaining regions cannot hybridize (Fig. 1Ab).
Furthermore, if other new complementary regions of HCPs spon-
taneously hybridize with them in a cumulative manner, it is
assumed to form a self-assembly displayed schematically in
Fig. 1Ac.
The sequences of HCP oligomers HCP-1 and HCP-2, synthesized
by standard methods, are presented in Table 1. HCPs were dissolved
in 4  SSC at a concentration of 1000 pmol/ml each, and 50-ml al-
iquots were heated at 94 C for 1 min and then immediately cooled
on ice. To examine the temperature dependence of self-assembly
reactions, individual aliquots were incubated at various tempera-
tures between 46 C and 72 C for 1 h using the GeneAmp PCR
System 2400 (PerkinElmer, MA, USA). To examine the time course
of self-assembly reactions, these aliquots were incubated at 62 C
for varying time periods. Following self-assembly incubation, the
aliquots were cooled on ice, subjected to electrophoresis in 0.25%
agarose gel (100 V for 30 min), and visualized using ethidium
bromide stain. 4 SSC comprised 600mMNaCl and 60mM sodium
citrate, with a pH of 7.0. The molecular weight marker used for gel
electrophoresis was a 1-kb DNA extension ladder from Invitrogen
Inc, USA.
2.2. Particle size measurement of self-assemblies
The products of self-assembly reactions (as prepared above)
were measured for their particle diameters using the Zetasizer
Nano ZS (ZEN3600, Malvern Instruments Ltd. UK) according to the
manufacturer's instructions.
2.3. Transmission electron microscopy (TEM)
For TEM using the Titan 80e300 microscope (FEI, OR), a 2-mlFig. 1. (A) Schematic presentation of self-assembly formation with a pair of HCPs. (a) Seque
HCP-1 and HCP-2, respectively, are complementary to each other. (b) Schematic presentat
plementary to each other. (c) Schematic presentation revealing a self-assembly formed by
MicroPlex Microsphere with a capture probe that contains a sequence complementary to mR
MicroPlex Microsphere, a capture probe, and a captured mRNA, as well as a pair of biotin-la
PALSAR from mRNA captured on a MicroPlex Microsphere. A biotin molecule conjugated toaliquot of self-assembly reaction described above was dropped on
Cu mesh with a collodion ﬁlm, dried, and observed at an acceler-
ating voltage of 80 kV.
2.4. PALSAR on microspheres
Fixed particles were prepared by attaching the capture probe
CP-I-14 with a sequence complementary to HCP-2B on MicroPlex
Microspheres. Reaction mixture was prepared by adding the ﬁxed
particles (10,000 microspheres/assay) to a solution of HCP-1B and
HCP-2B in 4  SSC at a concentration of 500 pmol/ml each
(1000 pmol/ml as HCPs) and adjusting the volume to 100 ml. This
mixture was subjected to reaction at 95 C for 2 min, followed by
62 C for 30 min using the GeneAmp PCR System 2400 (Perki-
nElmer, MA), and then immediately stored on ice. The sequences of
the primers HCP-1B and HCP-2B, and the capture probe CP-I-14 are
listed in Table 1.
2.5. Scanning electron microscopy (SEM)
For ultralow-acceleration voltage scanning-electron microscopy
using the ULTRA 55 (Carl Zeiss, Oberkochen, FRG), a 20-ml aliquot of
self-assembly reaction on MicroPlex Microspheres described above
was transferred to a pre-wet ﬁlter plate. Thereafter, the MicroPlex
Microspheres with attached PALSAR products were washed and
suspended in PBS-TP, dropped on Isopore Membrane Filter (Merck
Millipore, MA), and air-dried before observations at accelerating
voltages of 600 V and 1 kV.
2.6. Multiplex detection of mRNAs in a single tube by PALSAR
Total RNAs were extracted from 107 cells of the human T
lymphoblast, B lymphocyte and melanocyte cell lines, CCRF-CEM
(ATCC, VA), Toledo (ATCC, VA) and MDA-MB-435S (ATCC, VA),nces of the two HCPs HCP-1 and HCP-2. The regions X and X, Y and Y, and Z and Z0 in
ion revealing hybridization of regions in HCP-1 with those in HCP-2, which are com-
PALSAR. (B) Schematic presentation of mRNA quantitation by PALSAR. (a) mRNA, a
NA, and B-probes for reinforcing the captured mRNA are presented. (b) A complex of a
belled HCPs are presented. (c) Schematic presentation of a self-assembly produced by
HCPs enables detection with streptavidinephycoerythrin.
Table 1
Sequences of probes used in PALSAR.
Primer or probe Sequence
HCP-1 50-GATGTCTCGGGATGGCTTCGGAGTTACGCTGGCGGTATCAAC-30
HCP-2 50-CATCCCGAGACATCCGTAACTCCGAAGCGTTGATACCGCCAG-30
HCP-1B 50-Biotin-GATGTCTCGGGATGGCTTCGGAGTTACGCTGGCGGTATCAAC-30
HCP-2B 50-Biotin-CATCCCGAGACATCCGTAACTCCGAAGCGTTGATACCGCCAG-30
CP-I-14 50-NH2-CTGGCGGTATCAAC GCTTCGGAGTTACG CTGGCGGTATCAAC-30
CP-GAPDH 50-TGGTGGTGCAGGAGGCATTGCTGATGATCTTGAGGCTGTTGTCATACTTCTCATGGTTCAC-NH2-30
CP-BA 50-GGAACCGCTCATTGCCAATGGTGATGACCTGGCCGTCAGGCAGCTCGTAGCTCTTCTCCAG-NH2-30
CP-CD3D 50-TCTACCCATGTGATGCTGGTATTGCAATTCACAAACACTCTGTCCTCAAGTTCCTCTATA-NH2-30
CP-CD4 50-CCTTTGCCTCCTTGTTCTCCAGTTTCAAGCTCAGCATCAGCTTAGGGGAGGTGGGTCCCC-NH2-30
CP-MV 50-GCACTGAAAAGAGCTTGGCCGTCTCTTGGGGGTCCTTCCGGTCATTCACCTCAAAGTGCCA-NH2-30
CP-SAP 50-AATATCTTTTATGTACCCCAGGTGCTGTCTCAGCACTCCAAGAACCTGTTTCTGTCTGGGA-NH2-30
HCP-3 50-biotin-CAACAATCAGGACGATACCGATGAAGTTTTTTTTTTTTTTTTTTTT-30
HCP-4 50-biotin-GTCCTGATTGTTGCTTCATCGGTATCAAAAAAAAAAAAAAAAAAAA-30
B-probe 1 50-ACCCATGACGAACATGGGGGCATCAGCAGAGGGGGCAGAGATGATGACCCTTTTGGCTCC-30
B-probe 2 50-TGAGTCCTTCCACGATACCAAAGTTGTCATGGATGACCTTGGCCAGGGGTGCTAAGCAGT-30
B-probe 3 50-GGAGGAGCTGGAAGCAGCCGTGGCCATCTCTTGCTCGAAGTCCAGGGCGACGTAGCACAG-30
B-probe 4 50-CGTGGATGCCACAGGACTCCATGCCCAGGAAGGAAGGCTGGAAGAGTGCCTCAGGGCAGC-30
B-probe 5 50-GGTATCTTGAAGGGGCTCACTTGCGAGAGAAGGGTAGCCAGTACCAGGCCAGAGAGAAAC-30
B-probe 6 50-AGGATGCGTTTTCCCAGGTCCAGTCTTGTAATGTCTGAGAGCAGTGTTCCCACCGTTCCC-30
B-probe 7 50-ACACCTCACAGGTCAAATTTTTCTGGAGCTGAGTGGCTCTCATCACCACCAGGTTCACTT-30
B-probe 8 50-GACACTGCCACATCCCCGCCTCAGGGTTCAGCACCCACACCGCCTTCTCCCGCTTCGAGA-30
B-probe 9 50-AGGCCACGGCCCCCCGCACCCGGGATGCGATGGCTTTGCAGGCATCACCTACAAAGTCTG-30
B-probe 10 50-GTTGTAGGCCAGCTGCAGTTGCAGCCTGGCATGATCCGCCGTTTCGATGGTGATGACGTC-30
B-probe 11 50-CACTCGGTATGTATAAATGTAACCGTGATACAGCACACATAGGCAGTACACGCCTGGCAC-30
B-probe 12 50-GTATTACAATGCCTTGATCTGGCTTCTGAAATGCTGAAATGAGATTTTTTATTTTCCGGA-30
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ogies Co., CA) according to the manufacturer's instructions. We
prepared six kinds of MicroPlex Microspheres-coated capture
probes [CP-GAPDH, CP-BA, CP-CD3D, CP-CD4, CP-MV, CP-SAP]
(Table 1). These capture probes have sequences complementary to
GAPDH, BA, CD3D, CD4, MV or SAP encoded mRNAs, respectively,
and can be detected by Luminex 100/200 system (Luminex Co,. TX)
(Fig. 1Ba). Flow cytometry with Luminex 100/200™ system can
detect multiple items at the same time using 100 types of ﬂuo-
rescence with varying ﬂuorescence wavelengths and intensities.
We used a pair of HCPs (HCP-3 and HCP-4, Table 1), a component of
which had a poly-T sequence at its 30 end to hybridize with the
poly-A tail at the 30 end of the capturedmRNA (Fig.1Bb). Addition of
HCP-3 and HCP-4 to these MicroPlex Microspheres resulted in the
formation of self-assemblies, which started from the poly-A tail
region of targeted mRNAs (Fig. 1Bc). The amount of self-assemblies
formed is supposed to be proportional to the amount of targeted
mRNAs captured on the beads. The sequences of the HCPs used
(HCP-3 and HCP-4), the capture probe for GAPDH mRNA (CP-
GAPDH), b-action mRNA (CP-BA), CD3D mRNA (CP-CD3D), CD4
mRNA (CP-CD4), MV mRNA (CP-MV) and SAP mRNA (CP-SAP), the
probes for the reinforcement of captured GAPDHmRNA (B-probes 1
and 2), b-actionmRNA (B-probes 3 and 4), CD3DmRNA (B-probes 5
and 6), CD4 mRNA (B-probes 7 and 8), MV mRNA (B-probes 9 and
10) and SAP mRNA (B-probes 11 and 12) are listed in Table 1.
Hybridization betweenmRNAs and CPs (GAPDH, BA, CD3D, CD4,
MV, and SAP) were performed in a 25 ml reaction buffer [TMAC,
1.5 M; TriseHCl, 75 mM (pH 8.0); N-lauroyl sarcosine, 0.15%; EDTA,
6 mM (pH 8.0); B-probe 1-4, respectively by 0.04 pmol] containing
1000 MicroPlex Microspheres ﬁxed with a capturing probe con-
taining a sequence homologous to mRNAs and total RNA of 300 ng.
After gentle vortexing, the solution was subjected to reaction at
55 C for 4 h then cooled at 4 C in the thermal cycler. The product
of the ﬁrst hybridization (25 ml) was added to 25 ml of another re-
action solution [TMAC, 1.5 M; TriseHCl, 50 mM (pH 8.0); N-lauroyl
sarcosine, 0.1%; EDTA, 4 mM (pH 8.0); HCP-3, 1 pmol; and HCP-4,
0.7 pmol], gently vortexed, and subjected to PALSAR at 44 C for
1 h. The reaction product was cooled at 4 C. This solution was
transferred to a 96-well ﬁlter plate that had been pre-wet with100 ml/well of wash buffer [1  PBS, 0.02% Tween20 (Merck,
Darmstadt, FRG), 15 ppm ProClin 300 (SIGMA Aldrich, MO)], and
the ﬁlter was vacuum ﬁltered. Thereafter, 50 ml streptavidinephy-
coerythrin (5 ng/ml) (Prozyme, CA) was added to each well, and the
plate was shaken on a plate mixer for approximately 20 s and then
left in the dark at room temperature for 10 min. Following the
streptavidinephycoerythrin reaction, the mixtures were vacuum
ﬁltered, and 100 ml wash buffer was added to each well and washed
by vacuum ﬁltration. After another 100 ml wash buffer was added to
each well, the plate was shaken for approximately 20 s on a plate
mixer, and the ﬂuorescence intensity of each microspheres were
measured using Luminex 100/200™ [19].
2.7. Quantitating mRNAs by PALSAR
Protocols for the experiments with human materials in this
study were approved by the Institutional Review Board of the
Nihon University School of Medicine (Tokyo, Japan) (certiﬁcation
number 73-1, 14th January 2011). A 14-ml sample of peripheral
blood was collected from normal individuals into tubes containing
EDTA after obtaining informed consents. Peripheral leukocytes
were prepared from the buffy coat following centrifugation at
1500 rpm for 15 min. T cells were obtained using Dynabeads Un-
touched Human T Cells (Life Technologies Co., CA). Total RNA was
extracted from 107 cells of MOLT-4 (DS Pharma, Osaka, Japan),
Loucy (ATCC, VA), CCRF-CEM cell lines (ATCC, VA), and peripheral
mononuclear cells using a mirVana miRNA Isolation Kit (Life
Technologies Co., CA) according to the manufacturer's instructions.
Hybridization between SAPmRNA and CP-SAPwas performed in
a 25-ml reaction buffer [TMAC, 1.5 M; TriseHCl, 75 mM (pH 8.0); N-
lauroyl sarcosine, 0.15%; EDTA, 6 mM (pH 8.0); B-probe-11,
0.04 pmol; and B-probe-12, 0.04 pmol] containing 1000 MicroPlex
Microspheres ﬁxed with a capturing probe containing a sequence
homologous to SAP mRNA and total RNA equivalent from 103 to
106 cells. The steps described in the subsection “Multiplex detec-
tion of mRNAs in single tube by PALSAR” were followed. The beads
for SAP mRNA and those for GAPDH mRNA were differentially
detected on the basis of their characteristic speciﬁcities of
ﬂuorescence.
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Using the same total RNA (500 ng/reaction) as that used in
PALSAR, cDNA for real-time PCR was synthesized by reverse tran-
scription (25 C for 10 min, 37 C for 120 min, 85 C for 5 min, then
4 C) in a reaction solution prepared according to manufacturer's
protocol for the high capacity cDNA reverse transcription kit (Life
Technologies Co., CA).
The cDNA solution was diluted 256 times and 2 ml of the diluted
cDNA was mixed with 10 ml of 2 TaqMan Universal PCR Master
Mix (Life Technologies Co., CA), 1 ml of 20 TaqMan probe [Hu
GAPDH-PL (VIC-TAMRA); 4310; 884E as internal control, and
SH2D1A/SAP (FAM); Hs00158978_ml (Life Technologies Co., CA)],
and the reaction volume was adjusted to 20 ml with nuclease-free
water. Further, real-time PCR was performed using the real-time
PCR system Mx3000P (Stratagene, CA) or 7500Fast (Life Technol-
ogies Co., CA) under the following conditions: 50 C for 2 min, 95 C
for 10 min, and 40 cycles of 95 C for 15 s, and 60 C for 1 min.2.9. Simultaneous quantitation of SAP and GAPDH mRNAs derived
from peripheral blood
Total RNA was prepared from the peripheral blood of normal
individuals as described above. Two different types of MicroPlex
Microspheres were used to ﬁx capture probes for SAP and GAPDH
mRNAs. For hybridization between the capture probes and SAP or
GAPDHmRNAs, 1000 microspheres to capture GAPDH or SAPmRNA
and 2.5, 5, or 10 ml of extracted T-cell total RNA were added to the
reaction solution [TMAC, 1.5 M; TriseHCl, 75 mM (pH 8.0); N-
lauroylsarcosine, 0.15%; EDTA, 6 mM (pH 8.0); and B-probe 1, 2, 11,
12, respectively by 0.04 pmol]. The solution was adjusted to 25 ml,
gently vortexed, and then subjected to hybridization at 53 C for
4 h, which was followed by cooling at 4 C in the thermal cycler.Fig. 2. Analysis of the conditions required for the formation of self-assemblies and estima
using agarose gel electrophoresis. Molecular weight markers were run in the far left lane
incubation temperatures (C) indicated above each lane. (B) Time dependence of the self-as
lanes represent the products obtained with HCP-1 and HCP-2 at the incubation time indicat
scattering. The results of three measurements of the same sample are overlaid. The verticaSubsequently, 25 ml of the ﬁrst hybridization product was added to
25 ml of a solution [TMAC, 1.5 M; TriseHCl, 50 mM (pH 8.0); N-
lauroylsarcosine, 0.1%; EDTA, 4 mM (pH 8.0); HCP-3, 1 pmol; and
HCP-4, 0.7 pmol] to make the volume of 50 ml. This mixture was
gently vortexed and subjected to reaction at 47 C for 1 h, which
was followed by cooling at 4 C in the thermal cycler. The steps
described in the subsection “Multiplex detection of mRNAs in sin-
gle tube by PALSAR” were followed.3. Results
To demonstrate the self-assembly reaction by PALSAR, HCP-1
and HCP-2 were mixed and subjected to hybridization at various
temperatures. Analysis of the reaction products using agarose gel
electrophoresis provided results consistent with the expected hy-
bridizations in the three regions that were complementary to each
other in the two HCPs used. As suggested from Fig. 2A, the three
regions of HCP underwent hybridization (with competition) be-
tween complementary pairs at each reaction temperature, which
resulted in the formation of assemblies of various sizes, including
thosewith nomobility out of thewell, as the temperature increased
from 46 C to 62 C. However, at reaction temperatures between
64 C and 72 C, the signals in the wells became weak, and
unreacted HCPs were observed at the bottom because of the
increased difﬁculty in the hybridization between the complemen-
tary regions at this range of temperature. Fig. 2B presents the re-
sults when HCP-1 and HCP-2 were mixed together at the optimum
temperature of 62 C for various times. Incubation for 5 min proved
to be sufﬁcient for the self-assemblies to grow to the size that could
not be electrophoresed out of the wells.
Next, we used dynamic light scattering to investigate the mo-
lecular size distributions of the self-assemblies in aqueous solution
at the optimum temperature of 62 C for 5 min. The resultstion of their size. (A) Temperature dependence of the self-assembly reaction analysed
, and the other lanes represent the products obtained with HCP-1 and HCP-2 at the
sembly reaction. Molecular weight markers were run in the far left lane, and the other
ed above each lane. (C) Particle sizes of self-assemblies as determined by dynamic light
l and horizontal axes indicate intensity and particle diameter, respectively.
Fig. 3. (A) TEM images of self-assemblies. (a) TEM images revealing self-assemblies formed by PALSAR using HCP-1 and HCP-2. Scale bar ¼ 200 nm. (Magniﬁcation, 100). (b) TEM
image displaying the results of self-assemblies with HCP-2 alone. Scale bar ¼ 200 nm. (Magniﬁcation, 100). (c) The spheres observed in (a) are presented in an increased
magniﬁcation (1000). (B) Ultra low-acceleration voltage (ULAV)-SEM images of self-assemblies. (a and b) SEM images revealing self-assemblies formed on a MicroPlex Micro-
sphere by PALSAR with HCP-1B and HCP-2B. (c and d) SEM image before PALSAR reaction of a MicroPlex Microsphere with capture probes ﬁxed on it. Scale bar ¼ 1 mm (a), 200 nm
(b), 1 mm (c), or 200 nm (d).
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PALSAR had an average polydispersity index of 0.211, which was
calculated on the basis of their measured intensity values and the
distribution of monodisperse molecular size. The mean of Z-
average size of the diameter of the particles was 238.9 nm (Fig. 2C).
To analyse the structures of self-assemblies prepared by PALSAR,
we evaluated them using a sub-Angstrom electronmicroscopewith
1/100 nm resolution; the images of sphere-like objects obtained are
displayed in Fig. 3Aa. A reaction with only a single component of
HCPs, performed as a control experiment, resulted in no spherical
assemblies (Fig. 3Ab). Self-assemblies formed by PALSAR appeared
black when their atomic density was high like the Na ions disposed
at hybridization because of the absence of transmission of a beam
of electrons; however, they appeared grey when their atomic
density was low because of easy transmission, thereby indicating
the (complete) honeycombs structure (Fig. 3Ac).
Next, to perform PALSAR on the surface of spherical particles, we
ﬁxed a capture probe (CP-I-14, Table 1) with a region comple-
mentary to one region of HCP-2B (Table 1) onto MicroPlex Micro-
spheres. PALSAR was initiated by addition of HCP-1B and HCP-2B.
On observation using ultralow-acceleration voltage-scanning
electron microscopy, homogeneous spherical assemblies were
observed on the surfaces of the MicroPlex Microspheres following
PALSAR (Fig. 3Ba and Bb). In contrast, no similar spherical objects
were observed on the surfaces of beads when no HCPs were added,
and consequently, PALSAR did not occur (Fig. 3Bc and Bd).
To show that multiple species of mRNAs can be detected
simultaneously by PALSAR method using Luminex 100/200™
Liquid array system [19], we examined total RNAs extracted from
CCRF-CEM, Toledo and MDA-MB-435S, which the cultured cells
derived from T lymphoblast, B lymphocyte and melanocyte,
respectively. The results showed that 6 mRNA species encoded by
GAPDH, b-action, CD3D, CD4, MV and SAP were detected simulta-
neously (Table 2). GAPDH and BA mRNAs as housekeeping genes
were detected in all cells. And CD4D and SAP mRNA were detected
in only CCRF-CEM. We performed PALSAR as a signal ampliﬁcation
method for the quantitation of mRNAs. Using Luminex 100/200™
system, SAP mRNA from 104 to 106 T cells could be quantitatively
detected; the median ﬂuorescence intensity (MFI) increased inproportion to the amount of cells used (Fig. 4A).
Further, also in SAP mRNA, in the same manner as described
above, we compared the correlation between results obtained by
PALSAR and real-time PCR. As illustrated in Fig. 4B, PALSAR and
real-time PCR produced nearly the same relative values for both
Loucy and CCRF-CEM cell lines, which conﬁrmed a good correlation
between the results using these two methods.
Fig. 4C illustrates that PALSAR could be used to quantitate SAP
mRNA in T cells from human peripheral blood samples. All the
samples from healthy individuals revealed high linearity in the
range between 2.5 and 10 ml of the extracted RNA solution, which
was equivalent to 1e4ml of whole blood, indicating that PALSAR on
MicroPlex Microspheres allowed SAP detection when more than
1ml of whole bloodwas used. In addition, the SAP expression levels
varied depending on the individuals, even among healthy
individuals.
PALSAR could be used to simultaneously quantitate two
different species of mRNA in a one-tube reaction (Fig. 4D). Capture
probes for SAP mRNA and GAPDH were attached onto MicroPlex
Microspheres of different ﬂuorescence speciﬁcities and mRNAs for
SAP and GAPDH were differentially quantitated. The SAP/GAPDH
ratio was constant regardless of the sample volumes that ranged
from 2.5 ml to 10 ml (equivalent to 1e4 ml whole blood). In addition,
the SAP/GAPDH ratios of No.1 and No.2 were approximately 1.7
times and 1.3 times higher, respectively, compared with that of
No.3.
4. Discussion
We veriﬁed that PALSAR could be used to form monodisperse
self-assemblies using a pair of HCPs. Tm of each region (14-mer) in
HCP1/HCP-2 was 66.2 C. On the basis of these results of agarose gel
electrophoresis, we consider that at reaction temperatures
(58Ce62 C) below Tm, spherical self-assemblies are formed as
the most stable forms in aqueous solution. Self-assemblies formed
by PALSAR appear to be suitable as functional materials owing to
their behaviour as particles exhibiting Brownian motion in aqueous
solution, as revealed in the results of dynamic light scattering. In
addition, within these assemblies, each regional pair of HCPs is
Table 2
Multiplex detection of mRNAs in a single tube by PALSAR.
Cell line Cell type Median ﬂuorescence intensity (MFI)
GAPDH BA CD3D CD4 MV SAP
CCRF-CEM T lymphoblast 7246.0 611.5 1127.0 162.0 7.0 270.5
Toledo B lymphocyte 2403.0 333.0 124.5 61.5 5.0 24.0
MDA-MB-435S melanocyte 4378.5 508.0 108.0 50.5 122.0 25.0
Blank 19.0 16.0 121.5 23.0 4.0 21.0
Fig. 4. Quantitation of SAPmRNA by PALSAR. (A) Standard curve revealing the relationship between the amount of RNA applied (indicated by equivalent number of CCRF-CEM cells)
and the ﬂuorescence intensities of SAP amplicons (background value: 22.5). A linear relationship was demonstrated between MFI and the amount of RNA sample applied to the
reaction. (B) Correlation between the results for PALSAR and real-time PCR. SAP mRNA levels normalized to those of an internal control, GAPDH mRNA, were compared among the
three cell lines indicated. The lowest mRNA expression levels in MOLT-4 cells were set at 1.0. (C) Quantitation of SAP mRNA by PALSAR in human peripheral blood T cells. Results
obtained from three different amounts of RNA samples of three different blood donors are presented. A linear relationship was demonstrated between MFI and the amount of RNA
sample applied to the reaction. (D) Simultaneous quantitation of SAP and GAPDHmRNAs by PALSAR. mRNAs encoded by the SAP and GAPDH genes were quantitated simultaneously
in a single tube as described in the Methods section. The MFI ratio observed for SAP and GAPDHmRNAs ratio was presented as relative value when the value of healthy subject No. 3
was 1.
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of a stacking effect and high atomic densities such as Na atoms
disposed at hybridization, as observed by sub-Angstrom electron
microscopy.
Real-time quantitative RT-PCR is often used for quantitative
analysis of mRNAs. Although this technique is highly sensitive, it
requires high purity of RNA samples for reproducible results. In
addition, it is difﬁcult to use real-time quantitative RT-PCR to
simultaneously amplify multiple targets in a single reaction solu-
tion, including an internal control and multiple targets. In contrast,
PALSAR does not require reverse transcription, has high repro-
ducibility, and can be used to simultaneously quantitate mRNAs of
multiple species because the reaction requires only a pair of HCPs.
In contrast to dendritic DNA [15] and branched-chain DNA [16] that
require previously synthesized DNA polymer for signal ampliﬁca-
tion, PALSAR can amplify signals of multiple mRNA species using
only a pair of HCPs. Combining this method with a microsphere-
based platform allowed us to simultaneously amplify the signals
of multiple targets and detect those with high reproducibility. Be-
sides DNA, HCPs can also be prepared using RNA, peptide nucleicacid (PNA) [20], and locked nucleic acid (LNA) [21] and can be
modiﬁed using various substances, which provides them high po-
tential for use as functional materials; nevertheless, in this study, it
was observed that numerous HCPs (thousands to tens of thou-
sands) contributed to self-assembly in aqueous solution. Thus, we
anticipate further technical innovation of PALSAR as a signal
ampliﬁcation techniquewith higher sensitivity for gene transcripts,
including mRNA, which can completely capitalize on the charac-
teristics of self-assembly, as well as those in the detection plat-
forms. The results in Fig. 4C and D indicated that PALSAR reactions
on MicroPlex Microspheres allowed us to obtain accurate quanti-
tation of low-level mRNAs, if more than 1 ml whole blood was
available.
In summary, PALSAR method could form a huge self-assembly
and amplify the signal by simply using a pair of DNA probes. As
an application, we described that the multiple species of mRNA
could be detected directly without cDNA synthesis by PALSAR.
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